Abstract-Two types of scaffolds were developed for tissue engineering of the aortic valve; an electrospun valvular scaffold and a knitted valvular scaffold. These scaffolds were compared in a physiologic flow system and in a tissue-engineering process. In fibrin gel enclosed human myofibroblasts were seeded onto both types of scaffolds and cultured for 23 days under continuous medium perfusion. Tissue formation was evaluated by confocal laser scanning microscopy, histology and DNA quantification. Collagen formation was quantified by a hydroxyproline assay. When subjected to physiologic flow, the spun scaffold tore within 6 h, whereas the knitted scaffold remained intact. Cells proliferated well on both types of scaffolds, although the cellular penetration into the spun scaffold was poor. Collagen production, normalized to DNA content, was not significantly different for the two types of scaffolds, but seeding efficiency was higher for the spun scaffold, because it acted as a cell impermeable filter. The knitted tissue constructs showed complete cellular in-growth into the pores. An optimal scaffold seems to be a combination of the strength of the knitted structure and the cell-filtering ability of the spun structure.
INTRODUCTION
For tissue engineering of the aortic valve a proper scaffold is needed. Not only does the scaffold provide adhesion sites for the seeded cells and guides the cells into the proper geometry, it temporarily carries the stresses exerted on the neotissue as well. Since an aortic valve is exposed to high stresses, it is important that these stresses are distributed effectively over the load bearing structures. A scaffold can play a vital role in this process; it can carry loads while the tissue is developing its own load-bearing structures and when a valvular scaffold is designed effectively, it can transfer stresses from the thin valvular leaflets to the strong aortic wall, protecting the cusps from rupture. Besides mechanically reliable, a scaffold must provide a cellular environment that does not hamper -and ideally enhances -proliferation and extracellular matrix production; surface chemistry must be suitable for cell attachment and pore size must allow cellular in-growth. It has been reported that cells attach and organize well around fibers with diameters smaller than the diameter of the cells [1] . An electrospun scaffold is an example of a scaffold consisting of such fibers and, therefore, it can be a good candidate for tissue engineering. Mechanical reliability has been attributed to knitted scaffolds, which makes them a very interesting type of scaffold as well [2 -4] . In this study, both types of scaffolds are compared in the tissue engineering of an aortic valve.
Tissue engineering of semilunar valves has led to successful in vivo studies: Shinoka et al. [5] have implanted tissue-engineered valve leaflets into the pulmonary arteries of sheep that were cultured from arterial fibroblasts and endothelial cells on a fibrous PGA scaffold. The leaflets persisted for 8 weeks, after which they were explanted. Sodian et al. [6] studied complete valves, implanted into the pulmonary arteries of lambs, which were functional for up to 17 weeks. These valves were cultured with arterial vascular cells on a porous polyhydroxyalkanoate scaffold. Hoerstrup and co-workers [7] have succeeded in creating complete valves that were functional in pulmonary arteries of sheep for up to 20 weeks. These valves were cultured on non-woven PGA/P4HB scaffolds in a bioreactor before they fully developed in the sheep they were implanted in. After explantation the valves had the characteristic three-layered structure that is seen in natural valves. However, these semilunar leaflets and valves were implanted in the low-pressure pulmonary artery instead of in the high-pressure aorta.
Electrospinning has emerged as a new and straightforward technique for the production of tissue engineering scaffolds. The process of electrospinning has been described in many studies [8] , but in short comprises the application of an electrical potential over an injection needle that contains a melted or dissolved polymer and a grounded collector that is a mold with the desired scaffold shape. When the polymer is pumped through the needle, a jet accelerates out of the needle and a thin polymer fiber is deposited onto the collector. Electrospinning has shown many advantages; it yields scaffolds with a high porosity, fibers are in the nanometer to micrometer range, combined in non-woven networks that resemble the natural extracellular matrix [9] . Between the fibers interconnectivity can be realized, increasing the mechanical integrity of the scaffold. In the electrospinning process many parameters can be changed that alter and optimize properties in the final product, making electrospinning a versatile technique. Some applications of electrospinning besides tissue-engineering scaffolds [10] are drug-delivery devices [11, 12] and wound dressings [13] . Many different polymers have already been used in the electrospinning process, such as collagen [14] , polyethylene terephthalate [15] , polylactides [16] and poly(ε-caprolactone) [17, 18] . Because a collector is used that has the desired shape of the scaffold, complex scaffold geometries can be realized fairly easily. The aortic valve, with its bent leaflets, hemispherical sinuses of Valsalva and triangular coaptation areas, is a structure with a very complex geometry. Hence, it is an obvious choice to fabricate a valvular scaffold by electrospinning. Whether electrospinning can lead to a valvular scaffold with complex geometry but homogeneous thickness and sufficient mechanical integrity, is the subject of this study.
The other approach in this study is the use of a knitted scaffold. Knitting is a technique that is used to create scaffolds and prostheses, such as stents for the trachea [19] and bile duct [20] , scaffolds for the anterior cruciate ligament [21] and the widely used Dacron cardiovascular prostheses [22] . An advantage of knitting are the complex geometries that can be produced, e.g., branched prostheses used for aortic arch replacements [23] . Among the materials that have been used for knitting are Dacron, but also carbon fiber [24] and even the nickel-titanium alloy nitinol [20] . Knitting offers an open structure that is mechanically reliable [2 -4] . In this study, the knitted scaffold is made of the same polymer as the spun scaffold.
From experiments and computational modeling, it has already been shown that commissures are high stress regions in a valve [25] . Hence, these areas require specific attention with respect to the design of the leaflet-wall connection. For electrospinning of a valvular scaffold the approach was chosen to first spin three cusps with their corresponding sinuses and then combine these three spun structures, spin an aortic wall over it and cut out the excess coaptation area. In this way, stresses exerted on the closed leaflets, are hypothesized to be transferred more effectively to the aortic wall, since cusp and wall originate from a single spun cylinder. The strength of the commissures in the knitted scaffold was achieved by knitting the whole scaffold out of one yarn, thereby creating evenly distributed tangled loops in the commissures that were still open enough to allow cellular in-growth.
Both valvular scaffolds were made out of poly(ε-caprolactone), (PCL). PCL is a cheap and easily processed polymer. Its degradation rate is slow [26] , which makes it mechanically reliable for months. This allows seeded cells sufficient time to create extracellular matrix that eventually carries the loads imposed on the aortic valve. Furthermore, slow degradation has been reported to lead to less inflammation in the tissue surrounding the scaffold, compared to fast degrading materials [27] , due to acidic degradation products that are released in lower concentrations during slow polyester degradation. This paper presents a tissue engineering study that was done to compare two different scaffolds and their specific advantages and drawbacks as scaffolds for tissue engineering of the aortic valve. This study has primarily focused on the scaffolds and not on optimal culture conditions, e.g., exposure of the valves to mechanical stimuli. Properties of the valves that are considered are process feasibility, mechanical integrity of the scaffold, opening and closing behavior, seeding efficiency, cellular proliferation and extracellular matrix formation.
MATERIALS AND METHODS

Electrospinning
PCL (MW 80 × 10 3 , Sigma, USA) was dissolved (17.5%, w/v) in chloroform (p.a., Merck, Germany) and transferred to a syringe in a perfusor pump that was connected to the spinning set-up by narrow tubing. A 0.9-mm-diameter syringe needle was attached at a 15-cm gap distance from the collector. Initially, the collector was a stainless steel rod with a curved top that is one third of the aortic part of a valvular mold in closed position (Fig. 1) . It rotated at a speed of 1 rpm around its long axis at an angle of 25 degrees from horizontal, to enable homogeneous coverage of the rounded top surface. Flow rate was 30 μl/min at a voltage of 14 kV. Pilot studies with these settings showed to yield a scaffold with a typical fiber diameter of 5-10 μm and a pore size of 15-20 μm. Spinning time was 40 min, which, in pilot studies, gave a thickness on average of 0.5 mm. After this process had been repeated two times on three different rods in total, the three rods were combined with one another into a curved cylinder and a complementary cylinder was pressed against the leaflet area and fixed. At an angle of zero degrees to horizontal, this combined cylinder rotated with 1 rpm and a layer of spun PCL was deposited during 180 min. After completion of the spun aortic root, the four mold parts were pulled out of the spun construct and excess material in the middle of the scaffold was excised, leaving a triangular coaptation area of the leaflets of 2 mm at Figure 1 . Spinning mold. Three leaflet-sinus mold parts (left) are used to electrospin three leafletsinus units separately. The three mold units that are covered with an electrospun layer are combined and the complementary cylinder (right) is fitted on top. Another layer is spun over the whole circumferential surface of the obtained cylinder to make an aortic root. This figure is published in colour on http://www.ingenta.com the center of the valve to 0 mm at the commissures. The valve was immersed under stirring in 70% alcohol overnight to obtain a sterile aortic valvular scaffold.
Knitting
A multifilament (220 dtex f44) polycaprolactone yarn, Grilon KE-60 (a kind gift from EMS Griltech, Switzerland), was used for the double-bed knitting (Varitex, The Netherlands) of a 72 × 35 mm rectangular patch with three leaflets knitted on as semilunar pockets. The patch was sutured into a tube with the same polycaprolactone yarn that it had been knitted of. The knitted valve was shaken in regularly refreshed water and soap for 24 h to dispose of the anti-static buildup layer of oils and non-crosslinked polysiloxanes on the yarn, flushed with water extensively and immersed under stirring in 70% alcohol overnight to obtain a sterile aortic valvular scaffold.
Pulse duplicator test
Both types of valves were placed inside a pulse duplicator system [28] . An endoscope was inserted into the system, to which a high-speed camera was attached. This was done to closely study the opening and closing of the valves. Flow medium was isotonic phosphate-buffered saline (PBS, Sigma). Pulse rate was 18.75 bpm, which is a 4-fold reduction compared to a normal pulse rate of 75 bpm. This correction was made to generate flow similarity with respect to physiological flows, ensuring a physiological opening and closing behavior [29] . A Medtronic freestyle stentless porcine valve was used to tune the pulse duplicator system to a physiologic flow profile and pressure of 120/80 mmHg. Because of the holes in the knitted scaffold, this scaffold was covered with fibrin. Fibrin influences the small strain compliance of the scaffold but it is assumed to add negligibly to the mechanical integrity of the valve, since its failure stress is in the kPa range [30] , whereas that of PCL is in the MPa range [31] . Hence, at high stresses, such as those exerted by aortic flow and pressure, the fibrin will rupture before the PCL fibers will. The knitted scaffold was pulled over a stainless steel, open position, sinus containing valve mold [32] . Bovine fibrinogen (F-8630, Sigma; 20 mg/ml), was dissolved in culture medium that consisted of DMEM Advanced, supplemented with 1% Glutamax (both Gibco, UK), 10% FBS and 0.1% gentamycin (both Biochrom, Germany). This solution was sterile filtered (0.22 μm) and mixed 1 : 1 with a filtered bovine thrombin (T-4648, Sigma; 15 IU thrombin/ml) solution in the same culture medium to finally obtain a fibrin solution containing 10 mg/ml fibrinogen and 7.5 IU/ml thrombin that started to gel as it was poured over the mold and taken up by the knitted structure. The polycaprolactone-fibrin valve was left to gel in an incubator for 1 h. The fibrin application-gelation procedure was repeated twice until the knit was fully covered with fibrin. The valvular scaffold was released from its mold and put inside the pulse duplicator system. The spun scaffold did not have large holes and was, therefore, placed inside the pulse duplicator system without fibrin gel.
Cell seeding
Human myofibroblasts were harvested from the vena saphena magna and expanded in culture medium, according to regular cell-culture methods [33] . All three leaflets of three wetted spun valves and three wetted knitted valves in total were seeded with cells. For one valve, 16.8 × 10 6 cells were suspended in 0.75 ml medium containing thrombin (15 IU/ml). 0.75 ml fibrinogen containing medium (20 mg/ml) was added, quickly mixed and this cell/fibrin gel mixture was used to seed three leaflets from the aortic side. The aortic roots of both types of scaffolds were sealed with fibrin without cells. The valves were allowed to gel during 45 min after which a second fibrin layer without cells was added to the leaflets. After a subsequent gelling period of 45 min, a third fibrin layer was applied to seal any possible holes. After gelation of this third layer the valves were submerged in culture medium.
Valve culture
The six valves were statically cultured in culture medium for 24 h, after which they were mounted into a bioreactor that provided the valves with continuous perfusion of culture medium (120 ml per valve; Fig. 2 ). The valves were cultured for 23 days in the bioreactor of which the medium was refreshed every 3-4 days.
Confocal laser scanning microscopy
After the culture period, the valves were taken out of the bioreactor and cut open longitudinally. Pieces of 4 × 4 mm were cut out of one leaflet of each valve and incubated for ten minutes with culture medium that was supplemented with 10 μM Cell Tracker Green (Molecular Probes, USA). The tissue pieces were washed with Figure 2 . Schematic setup of the bioreactor: culture medium is pumped (bold arrow) from a medium vessel to the first valve chamber, in which one of the three spun constructs is mounted. The leaflets are perfused and, subsequently, the medium shell outside the valve is perfused. This process is repeated for a knitted construct, mounted in the second valve chamber, after which medium is returned to the medium vessel. Gas exchange is realized by the filtered opening of the medium vessel and through the silicone tubing, connecting the three containers.
PBS three times and rinsed in PBS for 15 min to flush out all of the probe. The pieces were submerged in culture medium, supplemented with 7.5 μM propidium iodide (Molecular Probes), while they were observed with a 510 confocal laser scanning microscope (Zeiss, USA).
Histology
Pieces of valvular leaflet were embedded in Technovit (Kulzer, Germany) according to the protocol provided by the manufacturer. Histologic sections were cut perpendicularly to the leaflet surface, showing a cross-section of the leaflet. The sections were stained with toluidine blue stain (0.2% in water, supplemented with 0.2% borax) for 2.5 min, rinsed with demineralized water and air-dried.
Hydroxyproline and DNA content
Pieces of the valvular leaflets were freeze dried, weighed and analyzed for hydroxyproline content according to a method adapted from Huszar [34] , described in Mol et al. [35] . Other pieces of one leaflet of each valve were analyzed for DNA content in a Hoechst dye procedure [36] . In short, tissue samples were digested in a papain containing digestion buffer at 60
• C overnight. The samples were centrifuged, diluted, and Hoechst reagent (Sigma) was added. The amount of DNA in each sample was measured by fluorescence spectroscopy at 355/460 nm. Values were compared to a standard curve made with a series of calf thymus DNA solutions.
Statistics
Results are shown as average ± standard error of the mean. Student's t-test was performed on the normalized hydroxyproline content of the two types of valves. Values of P < 0.05 were considered statistically significant.
RESULTS
Pulse duplicator test
The electrospun scaffold contained one cusp that did not completely open (Fig. 3) due to high stiffness of the cusp, because of its curved shape. The surface of the leaflet-sinus mold was not homogeneously covered with a spun PCL layer; it showed a thinning on the top of the mold that corresponds with the belly of the valvular cusp. It was at this site that the scaffold ruptured within 6 h. Two of the three leaflet-sinus units were partly disconnected from the aortic wall when subjected to physiological flow. Furthermore, the connection of the three spun leaflets to the spun aortic wall (the aortic ring) was noticeably thinner than the rest of the aortic root. When the spun valve was dismounted from the pulse duplicator, this thin area of the aortic wall ruptured. Nowhere in the knitted valve rupture was observed. The knitted scaffold showed proper opening and closing (Fig. 3) , as was described before [2] . In that same study, we observed that the knitted valve was intact after 10 million loading cycles. For the electrospun scaffold a fatigue study is not sensible at this moment because of its limited strength.
Cell seeding
When the valves were seeded with cells in fibrin gel, the spun valves did not take up the complete amount of cell/gel mixture, resulting in a separate layer on top of the scaffold, which was observed before and after the culture period of 23 days. The knitted valves absorbed the complete amount of cell/gel mixture, but due to low hydrophilicity of the scaffold material, could not fully contain the gel and the cell/gel mixture partly seeped through the large pores before gelling was completed.
Confocal laser scanning microscopy (CLSM)
In both types of scaffolds, very few dead cells were observed. The observation of the separate cell/gel layer on top of the spun scaffolds was confirmed by CLSM; cells had not fully penetrated into the spun scaffolds and a resulting low cell density was observed inside the spun scaffolds, whereas the layer on top of the scaffold (result not shown) showed very high cellular contents. The knitted constructs showed overall high cell densities. Every pore in the knitted structure that was observed had been overgrown with cells (Fig. 4) .
Histology
The macroscopic observation of the separate cell layer on top of the spun scaffold was confirmed by histology. The cell layer showed a high density of aligned cells. Cells were present in low amounts deeper in the spun scaffold. In the knitted scaffold the cells were predominantly located at the inner and outer leaflet surfaces, 600 μm thick on average in the histologic sections, probably due to limited diffusion of nutrients into the construct (Fig. 5) . 
Hydroxyproline and DNA content
Hydroxyproline contents in the spun and knitted scaffolds were 11.9 ± 1.8 μg/μg DNA and 14.4 ± 2.4 μg/μg DNA, respectively (Fig. 6 ). Student's t-test did not show a significant difference in these results (P = 0.40). DNA content was 0.54 ± 0.10 μg/mg tissue and 0.15 ± 0.06 μg/mg tissue, respectively. The DNA amounts are highly different, predominantly caused by the fact that the fraction of the dry weight attributed to the scaffold is lower for the spun constructs than for the knitted constructs, roughly estimated to be 39% and 88%, respectively. The standard error of the mean DNA content was 19% of the mean for the spun scaffolds and 37% of the mean for the knitted scaffolds, implying that cell seeding on the spun scaffold might be more reproducible than on the knitted scaffold. This observation corresponds with the fact that the knitted scaffold is permeable and leaks uncontrollable amounts of cells, whereas the spun scaffold is a cell filter, nearly impermeable to cells. Since the leaflets of the spun scaffold were concave and seeded from the top, all cells were conserved on top of the scaffold.
DISCUSSION
The studied knitted scaffold is stronger than the spun scaffold. In the knitted scaffold tangled loops make firm connections, but on the other hand fiber diameter in the knitted scaffold is larger and the fraction of dry weight attributed to the scaffold is higher in a knitted valve. This causes the mechanical properties of the whole construct to be more scaffold-like than tissue-like and consequently stronger. For a better comparison of the fabrication methods it would have been more appropriate to use a multifilament yarn that is both suitable for knitting machines and consists of filaments that have the same diameter as the electrospun fibers, but these were not available.
The effect of scaffold presence on tissue formation in a valve cannot be predicted from the results of a short-term study like the present one, since it has to take into account the degradation of the PCL and in vivo responses as well. Since the degradation rate of PCL is low [26] , this question remains to be studied in an in vivo set-up after a tissue-engineered valve has been implanted. Van der Giessen et al. [37] implanted, among other polymers, bare, non-sterile PCL pieces into porcine coronary arteries and found a significant inflammatory response after four weeks with all implanted polymers. In all cases, this consisted of a chronic inflammatory reaction with an acute component and a persistent foreign-body response. Furthermore, thrombus formation was observed on the polymer implants. An essential difference with the present study is that the pieces of FDA-approved PCL [38] were bare when implanted and a tissue-engineered valve is aimed to eventually be implanted when autologous tissue has already been formed around the polymer. Nonetheless, an inflammatory reaction remains a risk associated with implantation of a polymer.
Electrospinning a valve with complex geometry is feasible, but due to an inhomogeneous electric field distribution on a mold with complex geometry, preferential deposition of the electrospun fiber makes the thickness of a spun layer non-uniform. This was evident in the bellies of the leaflets and the aortic ring, where the spun scaffold was very thin and tore easily. The advantage of electrospinning as a technique specifically suitable for complex geometries is only valid when uniform thickness is not a scaffold requirement. For the fabrication of a valvular scaffold, fiber deposition is especially important in areas where the valvular mold hampers fiber deposition, such as the commissures. For this reason electrospinning methods as presented here are not suitable for valvular scaffold fabrication.
Cells proliferate well on both types of scaffolds, but penetrate poorly into the studied spun scaffold, although pore size in the scaffold is sufficiently large to allow cellular access. The lack of mechanical integrity of the spun scaffold could be compensated by production of extracellular matrix, provided that sufficient amounts of cells are present to produce this extracellular matrix, which, in this study, are not. An advantage of electrospinning is the fact that fiber diameter and pore size, although mutually dependent, are controllable [39] . This is a processing property that should be explored to enable proper cellular in-growth.
Cellular penetration into the knitted scaffold was adequate and yielded cell-filled pores with aligned cells. Seeding efficiency into the knitted scaffold is not optimal; we expect that it can be ameliorated by making the scaffold more hydrophilic. This can be done by exposing the scaffold to sodium hydroxide solutions, as was done before with PGA scaffolds, e.g. by Gao et al. [40] . In this study attachment of vascular smooth muscle cells was increased as well. What the effects of such an alkaline treatment are on the mechanical properties of the PCL scaffolds remains to be studied.
CONCLUSIONS
Electrospinning and knitting are both straightforward techniques to produce scaffolds. The knitted scaffold remained intact under physiologic loading, whereas the spun scaffold ruptured. Collagen production on both scaffolds is similar and cellular proliferation is adequate. A difference between the two types of scaffolds is the permeability to cells. Whereas the knitted scaffold shows high permeability and consequent cell spoilage, the spun scaffold shows low permeability and consequent poor cellular penetration. When these two properties are combined in one scaffold that is knitted with a thin spun layer on the side opposite to the seeding side, we expect to have a combination of advantages resulting in a strong scaffold with enhanced cell seeding properties.
